Human prion diseases such as Creutzfeldt-Jakob disease are transmissible brain proteinopathies, characterized by the accumulation of a misfolded isoform of the host cellular prion protein (PrP) in the brain. According to the prion model, prions are defined as proteinaceous infectious particles composed solely of this abnormal isoform of PrP (PrP Sc ). Even in the absence of genetic material, various prion strains can be propagated in experimental models. They can be distinguished by the pattern of disease they produce and especially by the localization of PrP Sc deposits within the brain and the spongiform lesions they induce. The mechanisms involved in this strain-specific targeting of distinct brain regions still are a fundamental, unresolved question in prion research. To address this question, we exploited a prion conversion in vitro assay, protein misfolding cyclic amplification (PMCA), by using experimental scrapie and human prion strains as seeds and specific brain regions from mice and humans as substrates. We show here that region-specific PMCA in part reproduces the specific brain targeting observed in experimental, acquired, and sporadic CreutzfeldtJakob diseases. Furthermore, we provide evidence that, in addition to cellular prion protein, other region-and species-specific molecular factors influence the strain-dependent prion conversion process. This important step toward understanding prion strain propagation in the human brain may impact research on the molecular factors involved in protein misfolding and the development of ultrasensitive methods for diagnosing prion disease.
Human prion diseases such as Creutzfeldt-Jakob disease are transmissible brain proteinopathies, characterized by the accumulation of a misfolded isoform of the host cellular prion protein (PrP) in the brain. According to the prion model, prions are defined as proteinaceous infectious particles composed solely of this abnormal isoform of PrP (PrP Sc ). Even in the absence of genetic material, various prion strains can be propagated in experimental models. They can be distinguished by the pattern of disease they produce and especially by the localization of PrP Sc deposits within the brain and the spongiform lesions they induce. The mechanisms involved in this strain-specific targeting of distinct brain regions still are a fundamental, unresolved question in prion research. To address this question, we exploited a prion conversion in vitro assay, protein misfolding cyclic amplification (PMCA), by using experimental scrapie and human prion strains as seeds and specific brain regions from mice and humans as substrates. We show here that region-specific PMCA in part reproduces the specific brain targeting observed in experimental, acquired, and sporadic CreutzfeldtJakob diseases. Furthermore, we provide evidence that, in addition to cellular prion protein, other region-and species-specific molecular factors influence the strain-dependent prion conversion process. This important step toward understanding prion strain propagation in the human brain may impact research on the molecular factors involved in protein misfolding and the development of ultrasensitive methods for diagnosing prion disease.
According to the prion hypothesis, prions, the causative agents of prion diseases, are composed primarily or exclusively of molecules of abnormal prion protein (PrP Sc ), which replicate via the recruitment and conformational conversion of the hostencoded cellular prion protein (PrP C ) (1) . Despite the absence of a nucleic acid genome, multiple prion strains can be propagated in experimental models (2) and are characterized by the distinct patterns of disease they produce, and especially by the localization of PrP Sc accumulation and strain-induced lesions. Experimental results provided evidence that strain diversity is also present in human prion disorders, including both infectious and sporadic forms of Creutzfeldt-Jakob disease (CJD) 2 (3) (4) (5) (6) (7) . Among patients with sporadic CJD (sCJD), a wide range of clinical and neuropathological phenotypes has been observed. The (8) . Recently, some sCJD subtypes have been associated with distinct human prion strains by transmission to nonhuman primates and transgenic mice (5, 6) . A higher proportion of diglycosylated forms characterizes the type 2b PrP Sc that is found in variant CJD (vCJD), which results from the cattle to human transmission of the prion strain responsible for the epizootic bovine spongiform encephalopathy (BSE) (9) . vCJD is associated with a particular involvement of the posterior thalamus (10) . One of the fundamental challenges in prion research is the development and implementation of in vitro models, as protein misfolding cyclic amplification (PMCA) (11) , for the investigation of the mechanisms underlying the strain-specific targeting of brain regions. Using PrP Sc from CJD-infected brain homogenate as seed and an excess of PrP C from normal brain homogenate as substrate, PMCA conducted in a cyclic manner, conceptually analogous to polymerase chain reaction (PCR), is able to amplify minute quantities of PrP Sc present in a sample. This technology has proven very useful to study prion strain behaviors such as genotypic barrier of transmission and strain mutation/adaptation (12) (13) (14) (15) To address this still unresolved issue regarding human prion diseases, we took advantage of PMCA. In this study, we provide the first evidence that a model of specific targeting by human prion strains can be obtained in vitro using region-specific PMCA (rsPMCA). Our results also indicate that (i) strain targeting depends not only on neuroanatomical pathways or cell to cell interactions, which cannot operate in PMCA, but also on local molecular factors and (ii) in addition to cellular prion protein, other region-and species-specific molecular factors influence the conversion process in a strain-dependent-manner.
Results

Modeling of region-specific targeting observed in experimental prion diseases
When transmitted to transgenic mice (Fig. 1A) overexpressing human PrP C with a methionine at codon 129 (tg650), as shown by PrP immunohistochemistry (Fig. 1B) and Western blot detection of PrP Sc (Fig. 1C) , the vCJD strain replicated variously in the different brain regions with high PrP Sc load notably in the striatum and the occipital cortex and a low involvement of the cerebellum in agreement with a previous study (16) . Using rsPMCA (Fig. 1D) , we observed that frontal cortex, striatum, and occipital cortex from tg650 mice amplified vCJD seed more efficiently than cerebellar cortex (Fig. 1E) . The values of relative amplification obtained with frontal cortex and striatum were significantly different (p Ͻ 0.05) compared with the value obtained with cerebellum ( Fig. 1F) . Interestingly, when amplification results were plotted as a function of relative PrP Sc levels in corresponding brain regions from vCJD-infected tg650 mice (Fig. 1G ), we observed a strong and significant correlation (r ϭ 0.99, p Ͻ 0.01). This suggests that the strain tropism observed in experimental prion disease could be mimicked in vitro by rsPMCA.
To further explore this phenomenon, we used three well characterized experimental scrapie strains (139A, 22L, and ME7) stabilized in a C57BL/6 background. These strains induce distinct lesion profiles (Fig. 2, A, E, and I) and have shown distinct behaviors when propagated in primary neurons from various brain origins (17) . The amplification obtained with rsP-MCA partially matched the spread of the scrapie agents observed in vivo (Fig. 2 , B and C, F and G, J and K) showing a correlation coefficient of 0.88 for the 139A strain, of 0.54 for the 22L strain, and of 0.54 for the ME7 strain (Fig. 2, D, H, and L) . To note, the proportion of diglycosylated forms of PK-resistant PrP was increased in PMCA products as compared with infected brain homogenates (see supplemental Fig. S1 ). A very similar change in the glycosylation pattern of PrP Sc with PMCA conditions has been already observed with the 139A strain and using the same anti-PrP 6D11 antibody (18) .
When all the experimental amplification results are plotted as a function of relative PrP Sc levels in corresponding C57BL/ 6-infected brain regions, we observed a positive and significant correlation (r ϭ 0.65; p Ͻ 0.01) (Fig. 2M) .
Modeling of region-specific targeting observed in CreutzfeldtJakob disease
In the context of an interspecies transmission (vCJD to tg650) and despite the expression of the M129 human PrP by mice, the regional brain tropism of the vCJD agent is different from that observed in vCJD patients where the pulvinar nuclei and the cerebellar cortex are strongly involved (10) . To assess whether rsPMCA could mimic the brain tropism observed in humans, we next performed rsPMCA using vCJD PrP Sc seed and human brain substrates from codon 129 MM individuals.
The same vCJD seed was efficiently but variously amplified using different areas sampled from human MM brains (Fig. 3A) . Significant interregional differences in amplification results were observed (p Ͻ 0.05, frontal cortex versus pulvinar, occipital cortex versus striatum, pulvinar, and cerebellum) (Fig. 3B) . The Pearson correlation coefficient between amplification values and PrP Sc levels in the corresponding brain areas of the vCJD patient was 0.68 ( Fig. 3C ). We validated this result using (i) additional substrates from a distinct MM individual and the same vCJD seed and (ii) an additional seed from another vCJD isolate with the first set of substrates. When using an additional vCJD seed, the correlation coefficient between amplification values and PrP Sc levels in corresponding areas was 0.12. When the relative amplification values were corrected for PrP C relative levels of each substrate, the coefficient value reached 0.78 (close to that obtained using the first vCJD case, i.e. 0.84). When we used an additional set of human substrates from a codon 129 MM individual, we obtained a final correlation coefficient of 0.68 (supplemental Fig. S2 ). To note, despite similar post-mortem delay, the relative level of PrP C in the different human brain areas varied between both MM individuals. Interestingly, the amplifications obtained with human cerebellum were in contrast with those obtained using tg650 cerebellar substrates.
Next, we assessed a sCJD isolate characterized by a distinct genotype at codon 129 of PRNP, and, in contrast with vCJD, mild involvement of the pulvinar region and strong targeting of the cerebellar cortex (i.e. the ataxic VV2a subtype of sCJD with early cerebellar ataxia and late dementia). We were able to amplify this seed with various brain regions selected from a human VV individual (Fig. 3D ). Interregional variations in amplification results were observed (p Ͻ 0.01, cerebellum versus frontal cortex, pulvinar, and occipital cortex; p Ͻ 0.05, striatum versus cerebellum and pulvinar) (Fig. 3E ). Pulvinar substrate showed poor amplification efficiency, and, as expected, cerebellar substrate efficiently amplified VV2a PrP Sc seed. We found a high correlation between amplification values and PrP Sc levels in the corresponding brain areas of the VV2a-sCJD patient (r ϭ 0.98, p Ͻ 0.01) (Fig. 3F) .
When all human amplification results were plotted as a function of relative PrP Sc levels in corresponding infected brain regions (Fig. 3G) , a significant correlation was observed (r ϭ 0.59, p Ͻ 0.01). The correlation was better (r ϭ 0.75, p Ͻ 0.001) when the relative amplification values were corrected for PrP C levels of each substrate (Fig. 3H) .
Evidence for the role of local brain factors other than PrP C
Finally, when all seed/substrate couples (n ϭ 8) were pooled (Fig. 4A) , we found a highly significant correlation between the regional tropism of prion strains and the relative amplification values obtained using rsPMCA (r ϭ 0.65, p Ͻ 0.0001).
When the relative amplification values were corrected for PrP C relative levels of each substrate (Fig. 4B) , the correlation
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between in vivo and rsPMCA results decreased (r ϭ 0.40) consistently with a positive role of PrP C level in PMCA efficacy. Interestingly, a significant correlation was maintained (p ϭ 0.01), however, suggesting that PrP C is not the sole factor involved in the region-specific conversion of PrP. To further investigate this hypothesis, we assessed whether homogenates from distinct brain regions of mice devoid of PrP C could modulate the PMCA efficacy. In vCJD amplification experiment, we observed that the significant decrease of PMCA efficacy induced by the dilution of tg650 frontal cortex substrate with conversion buffer was abolished by replacing the conversion buffer with a homogenate prepared with the frontal cortex of PrP knock-out mouse. Interestingly, no effect was observed when a homogenate prepared with the cerebellum from a PrP Modeling prion strain tropism knock-out mouse was used. When similar experiments were performed with tg650 substrate prepared with the cerebellum, no effect of the homogenates prepared with the frontal cortex or the cerebellum of a PrP knock-out mouse was noted (Fig.  4C ).
Discussion
Our study demonstrates that results obtained using rsPMCA are consistent with in vivo observations in mice and humans. This was observed using seeds from two different forms of human prion diseases associated with distinct brain involvement: An infectious form acquired by peripheral contamination (vCJD) and a sporadic subtype of CJD (VV2a sCJD). Both strains were selected because of their ability to be amplified in our hands without addition of PMCA supplements such as digitonin or heparin (19, 20) .
Because it is well known that region-specific targeting of a given strain varies during interspecies transmission and that interspecies transmission does not depend only on PrP sequence homology (1), we assessed whether rsPMCA could also mimic such interspecies variations in prion spread. To this purpose, using the first of the two vCJD seeds amplified by the human MM substrate, we simulated a primary transmission of vCJD in the brain of tg650 mice expressing human PrP with a methionine at codon 129. Amplification levels obtained using rsPMCA matched the spread of the vCJD agent observed in vivo when primary transmission of vCJD in tg650 was performed, showing high involvement of striatum and occipital cortex with 
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Sc deposits, and weak targeting of cerebellar cortex. This result was distinct from that obtained using human MM substrates where a high level of amplification was observed using cerebellar cortex. This implies that the molecular factors involved in vCJD-specific targeting are not only region-specific but also vary between species.
Finally, when all the results were pooled, we found a highly significant correlation between in vivo and in vitro regional brain targeting, suggesting that the mechanisms involved are common to various prion strains. From a fundamental point of view, the ability of rsPMCA to mimic prion tropism supports the idea that PrP conversion plays a central role in strain behavior and that differences in conformation and aggregation properties of PrP Sc encipher strain diversity (21, 22) . In contrast with our results, Hu et al. (23) observed that in vitro conversion did not reproduce the pattern of deposition observed in vivo using scrapie-infected hamsters. The discrepancy between the two studies may be explained by the use of distinct prion strains (hamster-adapted scrapie strains versus mouse-adapted scrapie strains and human strains). It is worth noting that the effect of PMCA cofactors may vary with species. Deleault et al. (24) reported that, whereas hamster PrP Sc preferentially utilizes RNA as a cofactor, RNA fails to facilitate mouse PrP Sc amplification. In addition, a clarification step of the substrate using centrifugation was performed in the hamster study and may have removed some of the components responsible for region-specific modulation of PMCA.
Hu et al. (23) suggested that in vitro conversion in hamsters was dependent on the availability of PrP C . Using mouseadapted strains, human isolates amplified using human brain areas, and mouse transgenic brains, we confirmed this results. In addition, our data suggest that brain region targeting depends, in part, on local molecular factors distinct from PrP C . Indeed, a significant correlation was preserved when values 
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were corrected for the relative PrP C level of each substrate, suggesting that additional cofactors may be involved during conversion using distinct brain regions. We also observed that the substrate containing the highest PrP C level is not necessarily the one associated with the highest PMCA efficiency. Moreover, supplementation experiments using homogenates prepared with brain areas from PrP knock-out mice suggested the presence of region-specific modulators of PrP conversion, other than PrP C . Altogether, these results suggest that strainspecific tropism not only depends on neuroanatomical pathways or cell-to-cell interactions, but also on both PrP C level and locally expressed non-PrP C cofactors. It has been suggested that a species-specific cofactor designated protein X, which might function as a molecular chaperone, interferes with the conversion of PrP C into PrP Sc (25, 26) . Numerous studies evidenced different receptor molecules for prions (27) and protein microarray identified 47 human PrP Cinteracting proteins, the great majority of which were annotated as proteins involved in the recognition of nucleic acids (28) . Whether molecular factors relevant in PMCA, such as a component of the lipid raft fraction of the cell membrane (20) and ribonucleic acids (29 -31) , sufficiently vary between brain area to alter prion conversion in various species remains to be established.
PMCA has contributed to our understanding of the nature of the prion agent, and is increasingly used to set up potential sensitive method for early prion diagnosis (19, 32) . The ability to mimic prion strain tropism, in an accelerated model and under controlled conditions in vitro, provides a unique and valuable tool for identifying local molecular cofactors that could highly influence the prion protein conversion process and might even constitute therapeutic targets in human prion diseases. Furthermore, rsPMCA may have various applications in the diagnosis field, risk assessment, and from the public health point of view. Exploiting rsPMCA (for example by using the most efficient brain area as a substrate to amplify a specific strain) may be useful to improve the sensitivity of prion detection in early cases, body fluids, or medical material, as well as in studies of interspecies barrier of transmission, especially in those dealing with the zoonotic risk associated with emerging prion diseases in animals.
Experimental procedures
Mouse inoculations
Inoculations were carried out in strict accordance with the recommendations from the Guide for the Care and Use of Laboratory Animals, as provided by the French Ministry of Agriculture and of the European Union (authorization number of the project: 02298.03). Inocula were prepared extemporaneously from vCJD frontal cortex and whole brains from C57BL/6 mice infected with experimental scrapie strains (139A, 22L, or Modeling prion strain tropism ME7) (17) in a class II microbiological cabinet using disposable equipment as described (16) . Tg650 mice, overexpressing human PrP C with a methionine at codon 129 on a murine PrP knock-out background (16), were inoculated with vCJD frontal cortex and C57BL/6 mice were inoculated with the three experimental mouse-adapted scrapie strains.
Twenty microliters of a 10% (w/v) brain homogenate in 5% glucose were inoculated in 6-to 10-week-old mice by the intracerebral route using disposable syringes as described (16) . Mice were monitored daily and were euthanized at the terminal stage of the disease. Brains were removed and either snap frozen in liquid nitrogen for PrP Sc biochemistry or fixed in 4% phosphate-buffered formalin for morphological study.
Post-mortem human brain tissues
Brains from terminally ill mice inoculated with prion strains were selected to provide in vivo study or seed material for PMCA experiments. Frozen brain substrates used for PMCA experiments were sampled from healthy tg650 or C57BL/6 mice. In some experiments, frozen brains from PrP knock-out mice (33) were used as negative controls for PMCA.
Human tissues were selected on the basis of the availability of autopsy-obtained frozen brain material and informed consent from patients' relatives for autopsy and research use. The neuropathological examination of various brain regions was realized by standard staining methods, PrP immunohistochemistry (34) , and Western blot detection of PrP Sc . Three confirmed CJD patients and three non-CJD patients were identified as providers of seed or substrate materials allowing efficient PMCA. Seeds were from two vCJD patients with methionine homozygosity at codon 129 of PRNP and type 2b PrP Sc (MM2b), and one sCJD patient with valine homozygosity at codon 129 of PRNP and with type 2a PrP Sc (VV2a). Substrates were collected from patients with nonprion and nonneurodegenerative diseases: An MM patient with a post-mortem delay of 24 h and lymphoma, an MM patient with a post-mortem delay of 22 h and status epilepticus, and a VV patient with a post-mortem delay of 33 h and carcinoma.
Genetic analysis
The prion protein gene (PRNP) was analyzed as described previously (35) to obtain the genotype at the codon 129 polymorphism.
Preparation of seeds and substrates
Tissues were carefully dissected to avoid white matter and major blood vessels as much as possible. For extemporaneous use, substrates from frozen cerebral regions were homogenized (10% w/v) in PMCA conversion buffer (PBS with 150 mM NaCl, 1% Triton X-100, 0.005% EDTA pH 8, and cOmplete Protease Inhibitor Mixture 1ϫ (Roche)) using a FastPrep ® -24 instrument (MP Biomedical) for 45 s at speed 6.5. Seeds were prepared similarly from CJD frontal isocortex or whole brain from infected mice and stored at Ϫ80°C.
Region-specific protein misfolding cyclic amplification
rsPMCA setup is based on standard PMCA technology (one round only) to investigate the early process of prion strain tropism in the brain of affected individuals. It uses, as substrates, key brain regions that are known to be differentially affected by PrP Sc deposition in various human prion disorders and scrapie experimental model.
In humans, a set of five available cerebral regions were studied as PMCA substrates: frontal isocortex (Fro), occipital isocortex (Occ), striatum (Str), pulvinar (Pul), and cerebellar cortex (Cer). In mice, a set of four available cerebral regions were studied as PMCA substrates: frontal isocortex (Fro), occipital isocortex (Occ), striatum (Str), and cerebellar cortex (Cer).
For each experiment, a set of fresh substrates was prepared extemporaneously. Mouse substrates were prepared by pooling similar brain structures from three animals for each experiment. Human substrates were prepared for each experiment by using a set of frozen brain samples from each individual.
Each seed was diluted in the brain region substrates at the appropriate ratio and dispensed into 200-l PCR tubes that fit with the tube holder of the sonicator. A fraction of each mixture was taken and immediately digested with PK (PMCAϪ). The remaining volume was subjected to one round of PMCA (PMCAϩ). Using human substrates, each cycle comprised a 40-s burst of sonication at output 7.5 (ϳ170 watts; Misonix S4000 sonicator) followed by an incubation period of 29 min and 20 s at 37°C (40 cycles) (12) (13) (14) . Using murine substrates, experiments were performed as described previously (15) . Each experiment was controlled with the correct amplification of vCJD seed in tg650 brain (internal standard of amplification) and with unseeded substrate as negative control. rsPMCA results are representative of three to four independent experiments performed in duplicates. Amplification levels obtained using these procedures were globally similar to those described in previous studies (15, 36) .
Western blotting
Samples were digested with proteinase K at 100 g/ml for 1 h at 37°C under continuous agitation. Digested samples were mixed with loading buffer and heated at 95°C for 5 min. A 10-l volume of each final mixture (samples of murine infected brains or post-rsPMCA product) was loaded onto precast 4 -12% BIS-TRIS gels (Life Technologies) at different serial dilutions (1/2, 1/4, 1/8, 1/16). Proteins were transferred to PVDF membranes. PrP detection was performed using anti-PrP monoclonal antibody anti-CD230 (3F4 clone; BioLegend), epitope 109 -112 of human PrP sequence (37) at a dilution of 1/10000, or anti-PrP monoclonal antibody 6D11, epitope 93-109 of human PrP sequence (Covance Inc.) at a dilution of 1/5000. Horseradish peroxidase-conjugated goat anti-mouse secondary antibody (Pierce Biotechnology) was used at a dilution of 1/5000. Signals were visualized using ECL (GE Amersham Biosciences).
Histopathology and immunohistochemistry of tg650 mouse brain
PrP immunohistochemistry was performed as described previously (34) on 7 m-thick sections from paraffin-embedded samples, using the 12F10 mouse monoclonal antibody (Bertin Pharma) at a dilution of 1/200. A saturation step using 3% BSA for 20 min, hydrated autoclaving, and formic acid pretreatment was applied. The BenchMark XT IHC automated system for Modeling prion strain tropism immunohistochemistry and the ultraView universal DAB detection kit were used according to the manufacturer's instructions (Ventana Medical Systems).
Densitometric analysis of PrP Sc Western blot data
Semi-quantification of PrP Sc levels was performed using a GS-800 calibrated densitometer and Quantity One software (Bio-Rad Laboratories). Values for the three PrP Sc glycoforms were measured on blots with a nonsaturated signal as described (10, 38) . When the signal was saturated, the amount of PrP Sc was measured on the last quantifiable dilution (y). The final value (PMCAϩ) was obtained using the formula: (y) ϫ dilution factor as described (36) . For each studied region, we calculated the amplification of PrP Sc signal by PMCA as follows: amplification region ϭ ((PMCAϩ) Ϫ (PMCAϪ))/(PMCAϪ). The relative amplification region was calculated as a function of the value of the internal standard of amplification contained in each experiment (amplification standard ): Relative amplification ϭ amplification region /amplification standard . In all experiments, the relative PrP C levels in each normal brain region used in substrate preparation were calculated as a function of the PrP C value in the cerebellar cortex. In a final analysis, we also corrected relative amplification with the results for the relative PrP C level (relative amplification/relative PrP C level) detected in each substrate. Relative PrP Sc levels in each brain region from infected subjects were calculated as a function of the value of a PrP Sc -positive internal standard present on all blots.
Statistical analysis
For statistical comparisons between regions, and according to the sample size, the nonparametric Mann-Whitney test was used. For correlations between in vivo regional targeting and in vitro PMCA results the Pearson test was used. Analyses were performed using Statview Software version 4.0 (Abacus Concepts) and SigmaStat software version 3.5 (Systat Software). Data are presented as the mean Ϯ S.E., p Ͻ 0.05 was considered to be statistically significant.
Author contributions-N. P. was the primary experimentalist. S. H. designed the study. N. P., E. L., Sa. H., and S. Y. performed experiments. J.-L. L. performed PRNP genotyping. V. B. and S. H. performed mouse inoculations. D. S., J.-P. B., and S. H. contributed to the clinicopathological analysis. All authors participated in analyzing and interpreting data and contributed to the manuscript. N. P. and S. H. wrote the paper.
